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FOREWORD

This roe..wrt vw -rapure~d by Columbia University under USAF
Contract 1No. * A 3530')-22616 covering work on Visuael Factors
in Cathode Rey ')6bo Dl'ta Presentation. The contract was initiated
under a project idqatified by Research and Develcpment Order No,
694-459 Presentationa of Data on Radar Scopes, and was administered
by the Psychology Branch of the Aero Medical Laboratory, Directorate
of Research, Vright Air Development Center, with Dr. Kenneth T.
Brown acting as Project Engineer.
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ABSTRACT

Smethod is described for specifylng cathode ray tube (CRT) traces
in terms of visual measures of width and central luminance, Trace width
is me-eured with an imas;e doubler which produces two parallel iWages of
the CRT trace; width is defined in torms of the distance between the
centers of the two images when they just appear to merge. Central lumi-
nance of the trace is measured with a magnifying system in conJunction
with the Macbeth illuminometer. The magnifier produces a real img.ae of
the trace sufficiently enlarged to fill the field of the Macbeth. Match-
ing is performed in the usual way, and the appropriate conversion factor
applied to the Macbeth reading. Estimates of intra-observer and inter-
observer variability are given for width and lumlnancu measures. The
method of zueasuring central luminance is compared experimentally with
an alternative method involving a direct monocular match.

PUBLICATION REV IX

This report has been reviewed and is approved.
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INTRODUCT ION

Research on factore affecting the vis•bllty of cathode ray tubO
(CRT) displays eucounters the problem of specifying the visual at!maius

properties of such displa•yU Thic problem is complicated by two fact,,

the areas of high luminance (target pipe or the trace itnelf) are small,
and the boundaries hetween light and dark areas are not sharp. For

example, one of the simplest types of display consicts of a bright,
straight-line trace against a dark background (as in the Aiscan type

of radar presentation). The width of the trace is only of the order

of cao millimeter, and the edges of the trace are not sharply defined,

shading gradually into the background. Boc=aue of this, different

methods of measurement yield different values for the trace width.

In addition, the value obtained for trace luminance will vary, depending

on whether the method used actually measures luminance at the center of

the trace (central luminance) or average luminance over the width of the

trace.

A complete specification of such a stimulus would give the dis-

tribution of luminance across the width of the trace. To obtain this

distribution would be laborious, and would require an instrument cap-
able of neazaring the luminance of an area 0.1 =. or less in diameter.

(The photoelectric photometer described by Hamburger and King (1948)
used an area about 0.5 ms, in diameter but could presumably be adapted

for smaller areas.) The present note describes an alternative proce-

dure, in which the CRT trace is specified in terms of a measure of

central luminance obtained by visual match, together with a meaeure of

trace width,

TRACE WIDTH

Sinca the CRT trace does not in fact have any definite edges, any

meavmre of trace width mest rest upon a convention of some tort. The
convention here adoptped is as follows. Two identical, parallel traces

are brought Mloeer and closer together until they just appear to merge
(that isnuntil an obsoryer can no longer distinguish them as two
zeparate traces). The dietance between the centers of the two traces
when merging occurs is defined as the width of either trace. This is
similar to the ao-called raster asthod of measuring spot or trace width
which iA used in connection with cathode ray tubes design•d. for tele-
vision and other applications.

This method may be applied to the single trace by the use of a
trace doubler, an optical system which produces two parallel, side-by-

side images of the trace, whose separation i known and can be varied,
To measure the width of a given trace, it is viewed through the doubler
and the separation of the two images varied until they just merge. The

separation of the two images i then the width of the trace according to
the above definition.

The essential parts of the image doubler are indicated in Fig. '.

The trace whose width in to be determined appears on the face of the CRT.

S...... m •n - 58 i
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Nwo glass platoes, approximately 2 mm,~ thick, are Pnovinted so thoaih2ý
asi~ke contact along one edge, and so that the angle Obsteieen thom MVy
be varied. The 1.4no of contact botween the plates intersecto tlie
optical axis, is perpendicular to it, and is paral.111o to the CRT tracce
Light from the trace passsing through ono of the plates ewnrgas unchanged
in direction but shifted away from the inner edge, due to refraction Paz
the light caters the glazs. The light pasaing through the other plate

is dsplced n te oposite direction.~ Thr.b a M _d½ of light reays
coming, from azW point P on the trace wiii1 be split by the'platec into
ttwo "brndles, which behave an If they came from~ ±yo points. 1P' and. F!,
2-Y.Au in the na"_ tramsve-ese -Iunnan, th __aua trce bu 4w&r

by & isan , The nissa of 4 dpondse on the thickness of tho platee-,
their indax of refraction, and. the angle (2 betwoon'them. The two
bundlen from each -point on. the trace fa.117ou opposite sides of the
objective, which fornz twvo real. izages of the tracs. Th~eae 1imagoo are
similar to those that would be obtained. ifLX parallol tracee with
their centers separated by & distance A, were being. viewedi directly4 by
the objective wi~thout the intervention of the platen. According-L7.
when the two imageog vieved. throaug the oyepiece, just nmeges the
displacement I bet-ween the appar"-t sorrces of thq Vwo images is eCPLal
to the width of each of the apparent caurcoa, aa thereforo equal to
the width of the actual trace, T-'-' is splacemrnt' d can be determined-
by putting P. i!1;elr ruled scale in p.lace of the MRT. Viowed. throuted
the dou-bler, two ocales are aeon, dieplaccd vitL re spect to oah other,,
The amioant of this apparant dioplaccavsnt -7o the tra-zee width d,

The procedure for rnaeurivg the. width of a given t-race tbna in1-
volves two steps; 1) adjusting the ang! cguntil the two ima.-es of
the trace seen through the d=ubler justv me-r.e; 2) dateraiining the
value of d for this J&

When it is dosired, to obtain a trace of a given vidth, the above
procedure may be reversede The arL'ae SS is set so that the d ioplAcement
be-tween the two isages of the scale In equal to the desired trace width..
fThen the CRT trace is viewed through the doubler, and the Focus control.
of the CRT display ad~justed uztil tjhe two imageso of tha trZace just F_&agaa

lntra-ob-z~rver and. inter-observer variability with this rathod have
'been estimated from amearrements sn~d* on a type 5CP4~A CRT. The procedure
for Obtaining -a trace of a given width was used. to obtain trace widtphs of
Oo75o loQ, aad 1.5 m. at a number of different values of central trace
lummin-ance (see below-)* Thece values were aa follows: for the 0o75
w dUth, eight luminanc tra"les ranging, fro-- 0,128 to 154 millilambarlts;
f or the 10 =-. wlidthq nine v.alues from 0.216 to 171 millul"mberts; for
the 1,5 rw. vidth, eleven values from 0.087 to 184 millilanberts. For
each trace Widtk' fire or =ore de-terminationo were.eade at. on~ lvuninance
'ra=-, Yielding five or more values of the Y'ocus control setting. From
"aI th settinga for a given trace vidth, tL probable error of the
detarminations mae by a single observer at that width was determined.,

T~b2*O- was convrrted into trace width Punits, and qxpresaed ari a Derce~itn 'g
of tho trace width concerned. This percent probable error is the parcent
`1-7iation from the mern of a mezl-is of observrations vhich in exceeded by

ns~ha.fof the Observationq.

'1 7,ý` M



The intra-ooserver variability of one observer, wi-h considerab!L
practice in making trace width determinations, is given as the estimated
percent probable error for each trace width. The number of determinations
on which each figure is based Is given in parenthesea: O'.5 mm. 14 pernent
(60 readings); 1,0 mm., 3.5 percent (65 readings); 1.5 mm., 2o5 percent
(105 readings).

The results of smaller series of observations (of the order of 15
re.Ai-_nga) ma-de by two other, unpracticed observern yield hi .. her .rbal
errors, up to twice those given above, it is believed that these differ-
ences in intra-observer variability are principally a frn' on of practice
in making the determinations. Intra&observer variability shows no con-
sistent relation to trace luminance, except thbat there is scn-e tendency
for variability to be greater at the very lowest luminance values than at
higher levels.

Inter-observer variability has been estimated by comparing the data
of three observers, each making five determinations for a trace width of
0.75 am., at luminance values of 3-97, 78.1, and 15I4 m!llilamberts. Each
set of five determinations was averaged, and the range of the average
values for the three observers was computed for each luminance value. The
average range of the values obtained by three different observers was
18 percent of the trace width, Although calculation of the average devi-
ation of a sample of three gives a very crude estimate of the population
variability, it may be helpful 1B comparing inter-observer with intra-
observer variability, As estimated. from the averago deviation of the
values of the three observers from their mean, the peroent probable
error of the determinations of a single observer is 7 percent.

The question arises as to what extent measurements made on a CRT
will be affected by variations in the CRT and its circuits over a period
of time, ii comparison of two sets of trace width determinations taken
six weeks apart indicates that the effect of this source of variability
on trace width is not great enowgh to be detectable with the method here
described.

CENITiAL LUMINANCE

A CRT trace of the order of one millimeter in width iF not wile
enangi- to f.ill the fild of t.e 'Paceth illuninometert Luminance can
nevertheless be measured by visual, as opposed to photoeik.tric means,
through the use of an optical system which provides an image of the
trace sufficiently magnified to fill the Macbeth field.

The optical system of the magnifier is diagrammed in Figure 2.
Two lenses mounted in contact, with a total power of 42 diopters, can
be moved inside a tubular housing so that the left--!•and lens surface is
any•where between 2 and 3 cm. from the open end of the tubei This end
O tble te, -protected b a felt ring, rests aainst the face of the
CRT. The other end of the tube holds a collnr into which t• cylindrical
projection of the Macbeth head fits snugly. The lenses form a real inwge
of tio CRT trace just to the left of the opentng B in the lummer-Brodhun

Sy; t~z •



I-----

5 La
Cal 

a0

Lii

WA IR 52-258



cube of the Macbeth, 28.6 am. from the CRT face, The image is magnified
approximately 7 diansters and 1s therefore larger than the opening, which
is about 3 mm. in diametere The light from this image therefore fills
the ceatral field of the Macbeth and can be matched to the standard field..

The luminance of the magnified trace image will obviously be differ-,
ent from that of the trace itself, and it is therefor'e nece~sory to
calibrate the magnifier-Macbeth combination. In order for this calibratiLon,
described below, to be meaningful, it is essential that the real image of
the tMace fall alwl. o at the ea-e point, Just to the left of the opening P.
This is ensured by the use of a cap containing a ground-glass screen, which
can be fitted over the magnifier collar in place of the Macbeth. When this
cap is in place, the ground-glass surface is exactly at the position where
the image is to be formed. By adjusting the position of the lenses A, the
trace image can be brought into focus at this point.

The procedure for making a luminance reading with the magnifier-
Macbeth combination includes the following steps: 1) With the Mund-glass
screen in place and the open end of the magnifier against the CRT face,
the image is brought into focus on the screen. 2) With.the Macbeth
seated firmly in the collar of the magnifier and the open end of the

/magnifier against the CRT face, the position of the magnifier or the
trace is adjusted transversely until the trace appears in the f~d of the
Macbeth. 3) The standard field of tho Macbeth i s atched to the brightest
part of the central field, and the Wacbeth reading recorded. The brightest
part of the field is taken in order to get the liest possible estimate of
the luminance at the center of the trace,

The magnifier was calibrated with the aid of a simulated trace made
by placing an opaque mask, out of which was cut a slit one millimeter wide,
over an extended light source whooe luminance could be measured directly
with the Macbeth. This gave a light source similar in shape to the CRT
trace, and of knoen luminance. The simulated trace was viewed through the
magnifier-Macbeth combination'according to the above procedure and a Mac-
beth reading obtained. This figure, divided into the actual luminance of
the simulated trace, Is the calibration constant of the magnifier. Read-
ings obtained with the magnifier most be multiplied by this constant to
obtain the central luminance value of the trace being measured.

An estimate of the accuracy of the calibration constant obtained by
this method can be made from the results of calibrations conducted on six
different days. Each of these calibrations was based on four or more
readings with the magnifier. The average value of the calibration constant
is 1.51. The estimated probable error of this value is 2.5 percent.

Intra-observer variability of luaminanAe measurements made with the
magnifier-Macbeth arrangemeut may bn estimated from data obtained by one
observer, consisting of five determinations at each of eight or more lumi-
nance levels for each of three trace widths. (The trace widths and lumi-
nance levels are those referred to earlier in connection with the esti-
mation of intra-observer variability of trace width measurements.) Tho
average deviation of each set of five readings was exproipaid as a percent
of the average rending. The average percent deviation of all readings was

WADOC TR 52-258 6
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then computed, and from it the pprcent probable error of a single lumi-
nance reading is estimated at 3 percent. The percent probable error of
the avera4e of five readings made at a given setting would thus be 1.3
percent.

T.he inter-observer variability was estimated from the data of three
observers, each making five or more luminance readings at each Of the
following combinations of trace width and luminance level: 1 mm., 3&82
millilamberts; 1 me., 86.8 millilaaberts; 1 am., 171 millilamberts;
0.75 mm,, 102 miiliLamberts; I.- mm., 5? millilamberts. The readings
of each observer were averaged for each of the five conditions. end the
rak;e of the average values for the three observers was comruted for
each condition. The average range of the values obtained by three
different observers was 7.4 percent of their mean luminence value. Again,
estimating the probable error from the average devivation of three observers,
the estimated pe ent probaole error of the measurements of a single ob.-
server in 2.5 percent.

The effect of variations within the CRT and its circuits is greater
in the case of trace luminance than of trace width. In order to mini-
mize variatiQns due to fluctuations in line voltage, the input to the
Dumont 304H oscilloscope used was monitored at 117.5 volts. The effect
of CRT and circuit variations was assessed by mwkint repeated luminance
measurements at the saw cuntrol settings, eieht times over a period of
three weeks. As estimated from these data, the percent vrobable error
of readings made on an one occasion, due to CRT and circuit variations,
is 2.3 percent.

It is important to have an estimate of variatioas of this sort on
applications where trace width and luminance for various settings of the
Intensity and Focus controls are measured once and the resulting cali-
bration of the CRY display used over a period of time. V¥,riations over
extended periods may be greater than those indic':ted above. It is
advisable -to check the initial calibration occasionally b:, repeatWin
the luminance easurement at a single "refereace" set of control settin,;s,
in the middle of the width and luminance rar4e used. Even if the devi-
ation from the initial calibration is substantial, it mey not be necessary
to repeat the entire calibration. If the Intensity and 'ocue controls
are left at the *reference" settings and oome gther control (e=g.. SweOep
-requency or, if the trace is horizontal, horizont•.- (ain) used to bring
tracn luminance back to its value'in the initili calibration, the effect
will be to reirwtute the entire calibration. The trace width calibration
is uaaffected by this operation within ratLer wide limits.

The preseat method of measurinI central luminance of a CRT trace
has been used to calibrate the 5OP44 CRT previously mentioned. The razge
of central luminance obtained is from about 0.1 to about 180 willil.kmberts.
This maxim= luminaw.o value is considerably less than the value of 1000
millilws•berts.reported for PP1 displays by Williams and Bartlett (1.948)Q
This mAy be due to the fact that their measurements were made on a P7
long-persistence phosphor. The radiation built up in the second., phos-
phorescent layer of such a phosphor say be considerably greeter than that
from a relut'L*64 bhort-persiatence phosphor such as the P4 used. in the

WA.DG Th 52-258 7
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5014A (MT. The Possibility that the difference in maximum luminance is dug
to differences in CRT or circuit construction or in methods of zaasluesent
should also be explored.

The lower limit of approximately. 0.1 millilamberts, in the calibration
raferred. to above, is set primaril.y by the coarseness of the Intensity
control on the CRT, which does not permit repeatable settings for lower
luminance levels. With a control arrangement which doss permit such set-
tizaga, lower- lumjiu-ance va.1 too could. be measured, although as noted in the

*Dece~o~Intra-c;bNýorver variability would be greater. The upper anft
lower llmllus oZ luminan,!t measourerynt, pos il'1e with the maniT ier-Ie.0beth.
combination are those cf' the Macbeth 4~oiie, au.ltiplied by 1.5. the cali-
bration factor of the m~niftier.

COMPARISON V1TH DIROCT IVNOCULAR I'.TCHM IMdIHOD

The measurem'ent ot traes width and central luminance is only one of
several possible methr'A.s of specifying, by visual means, the stimulus
properties of a CRT tri;)e. An alternative approach consists in matching1
the CRT trace directly with a comparison stimulus of similar shape, i.e.,O
& narrow strip of light of the sort previouulv described as a simualated
trace, The match my~ be monocul~rx or binoculer. It is~ of considerable
interest-to kno~w the relationship between mneasuremnents obtained by these
different methods. A comparison of the central luminance &An direct mono-
cular matching mthods is described below,

Light, from a simulated trace of Imown luminance, similar to that
previously described, was reflected into the eye from K front-silvered
mirror in such a manner thatý it appeared sidn by side with the real CRT
trace, which was viewed' directly. The reetl and simulated tracces were at
the same o'r~tical distance from the eye,' and were approximately matched
for color by, the use of 'an appropriate filter between the simulated trace
and the mirror. The similated trace was one .illji~eter wide, and It was
matched to a CERT trace of the Rame width, as meaw~red by the doublir
metho~d. The apparent distance between the parallel traces during match-
Ing was about equaal to, the trace width, The nateit was made by varying
tbs density of a:,Polaroid, placed between the sizmulated trace and the
mirror, until the twoý traces appeared equally brighit, Matches were made
In the range of central luminance 80 to 110 millilsiuhertes, The results
are expressed as the ratio between the central luminance as weasured with
the magnifier and the "average" luminance as measured by direct monoculear
match,

Comparisons made on four different occasions, each involving several
luminance determinations, give an average value of the mAgnifier-monocular
ratio of 0.82. The estimated probable error of this fig~ure Is 7 percents

This result indicates that Central luminance as measured with the
magnifier is les* than *avor&age" l"-inance as measured by direct monocular
match. if the luminous area of the CRT wore really no wider thamn the
trace width as determined by the doubler, the central luminance should be
greater than the average luminance. Actually.. some light reaches the eye
from a wider area, since the trace shades offf gradually Into the backgroumd.

VADG TR 52-258 8



Presumably, the contribution which this light masks@ to the total visual
efiect in the diro~ct monocular mtch (but not In msauuir~entis made with
the magnifier) explains wty the o ainlfler-ronooular ratio in liess than

DISCUSSIOW

The chief advantages and limitatilone of the present Aethod of
mneasuring trace luminance are those of any visual zueth'od of stimurnzl
specification, Sinces the color temperature of the CRT trace will usually
be different from that of the standard field of the Macbeth, inter-observer
differenice* in photopic or scotople lurinosity curves may cause observers
to disagree* Overall inter-observer variability, however, will pLreauma.hly
be about the same at photopic wAd scotopic levels. Ait luminance levels
below the photopic range, intra-observer variability increases, In most
work with CRT displ.Nvs very low luminance levels will. proba~ny not be

a used, so that intra-observer variability may not be a great problem. In
such work, the use of a visual measure avoids the problem, encountered
in photoelectric methods, of matching the sensitivity curve of the human
eye*

The doubler anthod of measuring trace width depends on the discrimi-A
nation of the difference in luminance between the center of either trace
iwage and. the point aidwa~y between the two centers, If the discriminatory
thr 'eshold AI/I were constant for all luminance levels, the doubler method
would be equivalent to defining trace width as the distance between thosee
points on either side of the trace center at which luminance falls of f
to enm specified, fixed fr~action cf its value at the trace center. In
reality, threshold Al/I io smaller at high than at low luminance levels,
Consequentl~y, the ratio between the trace width measured with the doubler
and the trace wilth that would be obtained by measuring between points,
representing A fixed fraction of central luminance, will be smaller at
high than at low lumin2.nces. The importance of this factor migght be
acesced. through Its effect 6'n the sagnifier-monocular ratio (above), (since
it, would tiMn to make th's ratio decr~ease as luminanee increase,ee

Some modifications that would increase the usefulness of the magnifier
wthod nay be a'saeeted. The area of the tree* from which light reaches
the central field of the Macbeth could be ,reduced considerably, psrtly- by
increasing the magnification of the trace image, but more especially by
the uso of a Ionmer-Brodhiun cube with. a smnaller central apertnre0 The
central field of the Macbeth could probably be reduced In this way, to
one-half its usual diameter without affecting the ease of mmkimg a match.

VAN~ TR 52-2389k



Socolty of America, Ttý -w 38, 1913'? pp. 675..3791

2. VillimmaIE S. B., and. fa~rtlett, F. R. VIIJ11 jý

This Document
Reproduced From

Best Available Copy


